Atrial fibrillation (AF) is commonly associated with congestive heart failure (CHF), and CHF has been shown to be associated with atrial structural remodeling resulting in fibrosis. This atrial interstitial fibrosis has been seen in patients with CHF and animal models of pacing induced heart failure. With atrial fibrosis, conduction abnormalities result in an increase in AF vulnerability. The mechanism of AF that is associated with CHF is still under debate as both focal and reentrant mechanisms have been observed in animal models of CHF. However, recent studies utilizing frequency domain analysis have shown that the AF within this model is characterized by discrete stable, high-frequency areas. The precise signalling processes involved in the development of atrial fibrosis are unknown. Angiotensin appears to play some role, since inhibition of ACE (or ARB) blunt atrial fibrosis in animal models of heart failure and decrease the incidence of AF in patients with heart failure. TGFβ1 also seems to play an important role. Mouse models that overexpress TGFβ1 have profound atrial fibrosis and atrial fibrillation (with normal ventricles). Heart failure in canine models also produces increases in atrial TGFβ1 expression and inhibition of this prevents atrial fibrosis and the development of a substrate for atrial fibrillation. Atrial fibrosis appears to play a role in the development of a vulnerable substrate for AF, especially in the setting of CHF.
Introduction
Atrial fibrillation (AF) is a common clinical arrhythmia, present in 5% of people older than 65. It is commonly associated with congestive heart failure (CHF) with the heart failure creating a substrate for AF and complicating therapy for these patients. 1 Theoretical models have implicated atrial interstitial fibrosis as a substrate for AF. 2, 3 Atrial interstitial fibrosis has been shown to increase with age in humans and has been observed in patients with AF 4, 5 , in animal models of aging 6, 7 , and in CHF 8 . This atrial interstitial fibrosis has been shown to increase AF vulnerability in animal models of CHF 8-10 and in a transgenic mouse model for selective atrial fibrosis 11 . Through these studies, it has been shown that atrial fibrosis creates a substrate that promotes AF. The mechanism of AF is still under debate as mechanisms of multiple wavelets 12, 13 , focal sources 14 , and mother rotor 15, 16 have been proposed and seen in a variety of animal models. However, very few studies have been performed investigating the mechanisms of AF in the presence of heart failure. Because of this, the mechanism of AF in this model is still not understood.
Evidence for Atrial Fibrosis in Patients
Correlative data in biopsy and autopsy specimens from patients with AF have uncovered the presence of atrial fibrosis 5, 17-20 . Increased amounts of fibrosis have been seen in the atria of patients with AF as opposed to those in sinus rhythm 5, 17, 18 , and this fibrosis has been correlated to decreasing amounts of connexin 43 expression. 5, 18 Atrial fibrosis has also been seen in patients who develop post-operative AF as compared to those patients who remain in sinus rhythm. 19, 20 While all of these data convincingly demonstrate that patients with AF have increased levels of atrial fibrosis compared to patients in sinus rhythm, these studies are correlative and do not investigate the mechanism behind the fibrosis accumulation or its effects on the electrophysiological properties of the atria.
In order to gain some insight into the effects of fibrosis on the electrophysiological properties of the atria, Sanders et al studied the electrical remodeling of the atria in patients with symptomatic congestive heart failure compared to controls 21 . Importantly, this study investigated patients with CHF but had no history of AF. This study showed that patients with CHF had increased atrial effective refractory periods, prolonged conduction times, and decreased bipolar voltage signal amplitudes than patients without CHF.
Canine Models of CHF and AF
A study by Li et al was the first to show that CHF in dogs (created by ventricular tachy pacing (VTP)) produced atrial interstitial fibrosis, which in turn produced disrupted conduction throughout the atria and an increased vulnerability to AF. 8 Studies have also examined the electrical properties of the atria in this model in terms of both ionic remodeling and gap junction distribution. 9, 22-24 These studies showed that the electrical properties of the atria did not contribute to the increased AF vulnerability in this model, and that atrial fibrosis played the key role in the AF substrate by causing an increase in conduction heterogeneity.
AF mechanisms with fibrosis
Multiple wavelets, focal sources and reentrant mechanisms of 'mother rotor' and spiral waves have been proposed as mechanisms for AF 12-16 . Which mechanism of AF is characteristic in a setting of atrial fibrosis is unknown, as evidence exists for both reentry and discrete, stable foci as an AF mechanism in dogs with pacing induced CHF. Li et al showed a mechanism of macroreentry with conduction abnormalities providing the mileu for AF propagation before termination with dofetilide, an I Kr channel blocker. 25 In contrast, this study also showed that in a model of rapid atrial pacing (RAP), multiple wavelets was demonstrated to be the likely mechanism, and dofetilide was ineffective in terminating the AF. The RAP model has atrial electrical remodeling and little in the way of structural remodeling. The CHF model does not have any significant atrial electrical remodeling (at least none that contributes substantially to the AF substrate-see discussion above) but has substantial atrial structural remodeling. 8, 26 In a separate study comparing endocardial versus epicardial activation, this same group again showed an AF mechanism of macroreentry in dogs with CHF. 27 Stambler et al suggested that AF in the setting of CHF in dogs was focal in origin caused by triggered activity. 28 This triggered activity was shown to be produced by delayed afterdepolarizations (DAD) initiated by intracellular Ca +2 overload. Drugs that reduced intracellular Ca +2 levels (verapamil, flunarazine, ryanodine) all terminated AF. Fenelon et al expanded on this study by performing biatrial mapping in dogs with CHF and showed that the majority of AF episodes had a focal mechanism. 29 Focal radiofrequency catheter ablation was then attempted and was successful in 67% of the animals studied. Ryu et al performed FFT analysis on the recorded AF electrograms in dogs with CHF. The authors demonstrated that the AF had stable drivers in both the LA and RA, and confirmed this with activation mapping. 30 In 7 of 12 dogs studied, two distinct foci were seen -one in the RA and one in the LA with different frequencies and fibrillatory conduction emanating out from the driver region. Discrete, stable, high frequency areas were also seen as the characteristics of the AF in a CHF dog model in a study by Everett et al. 31 Using frequency domain analysis, stable, high frequency areas were seen as the characteristic of AF in dogs with pacing induced heart failure. While Ryu et al showed multiple drivers during the same episode of AF, these high frequency areas were seen in either the RA or the LA and there was a steep frequency gradient away from these sites. Upon further inspection of unipolar electrograms at this site, fractionated electrograms were seen with low organization levels. In this study, it was also shown that these high frequency areas could occur in either the RA or LA. In contrast, no discrete, high frequency areas were seen in a model of RAP. It has also been suggested that the focal sources could be originating from the pulmonary veins in this CHF dog model of AF. 32 Chen et al performed high density mapping of the pulmonary veins during AF in dogs with CHF. In half of the AF episodes recorded in the CHF model, focal activation was seen from within the vein independent of the left atrium. This type of activation was not seen in any of the AF in controls as the pulmonary veins were activated passively from wavefronts originating from the left atrium.
Mechanism of Atrial Fibrosis
The precise mechanisms and signaling pathways involved in the development of atrial fibrosis is currently unknown. It does appear, however, that the atrium is more susceptible to atrial fibrosis than the ventricle and currently, 3 interrelated pathways appear to be involved-the rennin-angiotensin system, TGFβ1 and the oxidative stress pathways.
Studies have shown that the rennin-angiotensin system plays a role in cardiac structural remodeling and in the development of myocardial fibrosis in several diseases states including CHF 33 , myocardial infarction 34 , and cardiomyopathy 35 . Transgenic mouse models of ACE overexpression have shown to result in atrial fibrosis 36 . Several clinical and animal studies have shown that the use of ACE inhibitors with CHF reduces the occurrence of AF and AF vulnerability [37] [38] [39] [40] . With the use of enalapril in canines with either CHF or rapid atrial pacing, it was shown that there was a significant attenuation of atrial fibrosis and a decrease in AF duration 37, 41 . In another study, decreased levels of atrial fibrosis and decreased AF inducibility and duration were seen with Cilazapril 42 . Similar results were seen when an angiotensin II type 1 receptor blocker Candesartan was administered to dogs 43 . This study also showed a decrease in AF duration along with a decrease in the levels of atrial fibrosis. This same drug has been shown to prevent atrial structural remodeling and fibrosis in rats 44 .
Similar to the animal studies, Goette et al 45 reported elevated Ang II concentration with increased ERK activation in patients with atrial fibrosis and AF. One study has shown that ACE inhibitors reduced fibrosis in patients with lone AF 46 . Several retrospective clinical studies support the role of the rennin-angiotensin system as well by demonstrating a decrease in the incidence of AF in patients treated with ACE inhibitors or angiotensin-receptor blockers (ARBs), mostly in the setting of depressed LV function 46-53 . Use of ACE inhibitors has also been shown to prevent the progression of paroxysmal AF to chronic AF 47 , and in increasing the efficacy of electrical cardioversion of AF 51, 52 . These clinical data suggest that the use of an ACE inhibitor may be useful to delay progression of atrial fibrosis and AF.
Role of TGF β1
TGFβ1 has been implicated in tissue wound healing and in the development of fibrosis. TGF-β1 expression has been shown to increase myocardial fibrosis 54 . In a transgenic mouse model that overexpresses a constitutively active transforming growth factor TGF-β1 11 , there was selective atrial interstitial fibrosis, while ventricular histology was normal. This occurred despite equal overexpression of TGFβ1 in the atrium and the ventricles, This increase in atrial fibrosis was shown to correspond to an increase in conduction heterogeneity and AF vulnerability. 11 Cellular electrophysiology was not affected by the TGFβ1. This study demonstrated that atrial fibrosis alone is a sufficient substrate for AF and that TGFβ1 may play an important role in the genesis of atrial fibrosis. Interestingly, this mouse model also suggests that the atrium is more susceptible to the development of atrial fibrosis, at least in response to high TGFβ1 levels.
In another study by the same group, the drug pirfenidone (PFD) was used to target the expression of TGF-β1 26 . PFD has been shown to significantly reduce expression of TGF-β1 with a concomitant reduction in tissue fibrosis in multiple experimental animal models, including those of lung, 55 hepatic, 56 and renal 57-59 fibrosis. Similar results were observed in the experimental model of CHF as it resulted in an increase in TGF-β1 expression and atrial fibrosis, and PFD treatment resulted in a significant reduction in TGF-β1 expression and atrial fibrosis. This reduction in atrial fibrosis also corresponded to a decrease in conduction abnormalities and in AF vulnerability 26 . TGF-β1 may be an interesting therapeutic target as more is learned about the precise pathways involved in the development of atrial fibrosis.
Along with atrial fibrosis, inflammation and oxidative stress may play an important role in promoting AF 60 as increased levels of C-reactive protein (CRP) 61, 62 and evidence of oxidative injury are seen during AF 63 . In a transgenic mouse model of cardiomyopathy that overexpressed TNF-α, Saba et al found both increased atrial fibrosis and abnormalities in action potential propagation and calcium handling in atrial myocytes with an increased susceptibility to atrial arrhythmias 60 . In the clinical arena, Chung et al showed that CRP, a marker of systemic inflammation, was elevated in patients with AF 61 . This study was then taken a step further and Aviles et al showed that elevated CRP levels can also predict those patients who are at an increased risk of developing AF 62 .
Conclusion
Animal models of CHF are associated with an increase in atrial interstitial fibrosis. This increase in fibrosis has been shown to cause abnormal conduction through the atria creating a substrate for AF. The mechanism(s) of AF produced by the substrate of atrial fibrosis and CHF is still controversial as both macroreentry and focal sources that could be originating from RA, LA or the pulmonary veins have been demonstrated. Due to these multiple AF mechanisms seen in the presence of atrial fibrosis, more studies need to be performed to define which mechanism or mechanisms are associated with AF within this setting. Additionally, the molecular pathways involved in atrial fibrosis are beginning to emerge. While the renninangiotensin system and TGFβ1 may play an important role, identifying downstream molecules important in the genesis of fibrosis specifically in the atrium will be important in developing new therapeutic strategies aimed at preventing or reversing structural remodeling in the atrium. Finally, atrial fibrosis may be compensatory, but there are no data to suggest whether it is beneficial.
